The effect of dietary docosahexaenoic acid (C22:6n3; DHA) supplementation on meat quality and immunity in goat (Capra hircus) kids was examined. Goat kids (n = 30) were fed 1 of 3 experimental diets: goat milk (GM), cow (Bos taurus) milk (CM), and CM supplemented with DHA (CM-DHA). Animals were fed ad libitum twice daily and weighed twice each week. Blood samples were collected by jugular venipuncture daily during the fi rst 10 d of life and were subsequently collected every 5 d until slaughter at a BW of 8 kg. Carcass size (linear measurements) and weight, as well as meat pH, color, tenderness, and chemical composition were determined. Fatty acid profi les of intramuscular, peri-renal, pelvic, subcutaneous, and intermuscular fats were analyzed. Blood IgG and IgM concentrations, complement system activity (classical and alternative pathways), and chitotriosidase activity were recorded. Results indicated that the diet containing DHA did not affect (P > 0.05) carcass linear measurements, meat quality characteristics, or proximate composition of the meat. However, C22:6n3 fatty acid levels, mainly in intramuscular fat, were enriched (P < 0.05) in CM-DHA animals, and the n-6 to n-3 PUFA ratio was improved (P < 0.05). No differences (P > 0.05) in immune function were observed among groups. In conclusion, powdered whole CM is an effective option for feeding goat kids, and the inclusion of DHA to CM increases the quantity of this fatty acid in the meat.
INTRODUCTION
The biomedical community has developed multiple pharmacological tools to treat cardiovascular disease, but maybe simple dietary modifi cations or nutritional supplements can be more effective in combating this health problem. Omega-3 fatty acids may reduce the incidence of cardiovascular diseases (Dyerberg et al., 1975) . The concentrations are greatest in blue fi sh, whose consumption has decreased in Western societies. Based on cardiovascular health considerations, the European Food Safety Authority recommends 250 mg/d intake of both eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA; EFSA, 2010) . However, it is very diffi cult to attain the recommended amounts without consumption of fi sh. For this reason, the American Dietetic Association recommends that people eat a wide variety of nutrient-rich foods to promote optimal health, but it concedes that dietary supplements may be needed to meet certain nutritional requirements (Marra and Boyar, 2009) .
Goat meat is a desirable candidate for dietary DHA enrichment, as it is leaner than meat from other species (Addrizzo, 1994) . This dietary strategy has been applied successfully in broilers (Gallus gallus domesticus; López-Ferrer et al., 2001) , pigs (Sus scrofa; Kehui et al., 2011) , and ruminants (Woods and Fearon, 2009) . Although ruminal biohydrogenation of DHA has been observed in adult goats (Chiliard, 1992) , goat kids are considered pre-ruminant animals because the ru-men becomes fully functional only around 8 wk of age (Church, 1976; Van Soest, 1994) .
Diets that were supplemented with long chain n-3 PUFA have improved the health and performance of neonatal and growing sheep, although responses to n-3 PUFA supplementation have not always been consistent (Lewis et al., 2008) , and it is diffi cult to determine the actual benefi ts with certainty.
The objective of this study was to determine the effects of DHA addition to a milk replacer diet on growth, carcass and meat quality, and immune function in goats.
MATERIALS AND METHODS
This study was conducted on the experimental farm of the Veterinary Faculty of Universidad de las Pamas de Gran Canaria (Spain), with consent from the University Animal Ethical Committee.
Animals
Each group comprised 10 kids (5 males and 5 females). At birth (3.08 ± 0.57 kg), the kids were separated from their dams and dried, tagged, and weighed. For 2 d, kids were bottle fed colostrum (8.95% gross protein, 8.66% fat, 3.91% lactose, 30.69 mg/mL IgG), according to Castro et al. (2005) . After 2 d, the kids began to receive their experimental diets: fresh goat milk (GM), powdered whole cow milk at a concentration of 16% (wt/wt; CM), or CM supplemented with DHA from microseaweed (CM-DHA; DHA-Gold, Martek Biosciences, Columbia, MD). The fi nal concentration of CM-DHA was 16% (wt/wt): 15.1% of powdered whole cow milk, and 0.9% of DHA-Gold. Goat kids were fed in groups ad libitum twice each day until BW reached 8 kg (35.82 ± 7.57 d) . They were then slaughtered in accordance with animal welfare practices.
Carcass
The HCW, chilled carcass weight (CCW), and offal weights were recorded after slaughter. Net weight at slaughter (NWS) was calculated as BW at slaughter (LWS) minus offal. Muscle pH was determined using a Crisson 507 pH meter with a combined electrode (measuring limits: pH between −2 and 19.99 ± 0.01; Crison Instruments S.A., Alella, Spain). The electrode was inserted into the LM between the 12th and 13th rib, using a scalpel cut. Measurements were taken immediately after slaughter (15 min), and after 24 h of chilling at 4°C. Muscle color was determined using a Minolta CR200 Chroma meter (Minolta, Atlanta, GA; where L* = relative lightness; a* = relative redness; and b* = relative yellowness) at the same time and at the same scalpel cut body site as for pH (3 readings per animal and per time).
Commercial carcass yield (CCY) was calculated as (CCW/LWS) × 100. Net Carcass Yield (NCY) was calculated as (HCW/NWS) × 100 (Argüello et al., 2007) . Width between hips (G; between femur trochanters and maximum width between ribs), carcass length (CLe; from the symphysis pubis to the anterior edge of the middle of the fi rst rib), leg length (LLe; from the symphysis pubis to the carpo-metacarpal joint), and hip perimeter (HP; maximum width between ribs) were all recorded (Argüello et al., 2007) . Carcass compactness index was calculated as (CCW/CLe). Long leg compact index was calculated as (G/LLe) or (HP/LLe).
After chilling, each carcass was split in half. The left and right sides were divided into 5 primary cuts (neck, fl ank, ribs, shoulder, and long leg) as described by Colomer-Rocher et al. (1987) . Each portion was weighed, vacuum packed, and stored at −18°C until analysis. To determine tissue composition, the left shoulders were thawed for 24 h at 4°C (Argüello et al., 2001) . After weighing, the shoulders were separated into dissectible muscle, bone, subcutaneous fat, intermuscular fat and remaining tissue. Fat depots were subsequently processed for fatty acid analysis.
Meat
The LM was used to determine moisture, fat, protein, and ash (AOAC, 1984) . In addition, total and soluble collagen contents of the LM were determined, according to Hill (1966) and Bonnet and Kopp (1984) . The semimembranosus (SM) muscles were used to determine water holding capacity (WHC) according to Grau and Hamm (1953) as modifi ed by Sierra (1973) . The SM muscles were cooked in plastic bags in a 70°C water bath for 30 min, and cooking losses were measured. The SM tenderness was determined using an INSTRON Machine (Instron, Model 4465, Instron Co., Canton, MA), fi tted with a Warner Bratzler shear apparatus according to Argüello et al. (2005) .
Fat Depots
Fat depots for fatty acid profi le analysis were processed according to Folch et al. (1957) . Fatty acid esters were obtained as described by Chin et al. (1992) . Separation and quantifi cation of the methyl esters were carried out on a gas chromatograph (Varian 3600; Varian, Harbor City, CA) equipped with a split-splitless injector and a fl ame ionization detector. Methyl ester separation was carried out on a capillary column SP2560 (100 m × 0.25-mm i.d., 0.25-μm phase thickness; Supelco Inc., Bellefonte, PA) with helium as the carrier gas (331 kPa). The injector and detector temperatures were set at 290°C.
The injection was done in split mode with a 1:100 split ratio. The temperature of the column was initially held at 75°C for 1.5 min, increased to 190°C at a rate of 8°C/ min, held at this temperature for 25 min, increased again to 230°C at 15°C/min, and held for an additional 4.5 min at 230°C. Each fatty acid was identifi ed with reference to the retention time of the standards (Sigma-Aldrich, St. Louis, MO) and quantifi ed with respect to these internal standards: C13:0 (C10:0 to C17:0) and C19:0 (C18:0 to C18:3). Analyses were performed on subcutaneous and intermuscular depots from the shoulder, pelvic fat from the leg cut, peri-renal fat from the rib cut, and intramuscular fat from the SM. On the basis of the total fatty acids recognized, the percentage of each particular fatty acid was calculated.
Immune Status
For the fi rst 10 d of life, blood samples were collected from the jugular vein daily. Subsequently, samples were collected every 5 d. Blood samples (5 mL) were collected in 2 types of tubes: heparinized (3.75 mg) for plasma samples, and non-heparinized for serum. Samples were centrifuged at 2,136 × g, for 5 min at 4°C, immediately after collection, and aliquots of plasma and serum were placed at −20°C.
Plasma Ig concentrations were assayed using goat IgG and IgM ELISA kits (Bethyl Laboratories, Montgomery, TX). Plasma chitotriosidase (ChT) activity was measured as described by Argüello et al. (2008) . The ChT activity was measured by incubating 1 μL of undiluted blood serum with 100 μL of a solution containing 22 mM artifi cial substrate (4-methylumbelliferyl-d-N, N′, N″ triacetylchitotriose) in 0.5 M citrate phosphate buffer, pH 5.2, for 15 min at 37°C. The reaction was stopped with 5 mL of 0.5 M Na 2 CO 3 -NaHCO 3 buffer, pH 10.7. Fluorescence was measured using a fl uorimeter (Perkin Elmer, Norwalk, CT) at 365 nm of excitation and 450 nm of emission. The ChT activity was expressed as nanomoles of substrate hydrolyzed per milliliter per hour.
Serum complement system activity was measured using a hemolytic assay. A DGHB ++ buffer [Hepes Gelatin Veronal Buffer with Ca ++ and Mg ++ : 5 mM HEPES, 71 mM NaCl, 0.15 mM CaCl 2 , 0.5 mM MgCl 2 , 2.5% (wt/ vol) glucose, 0.1% (wt/vol) gelatin, pH 7.4] was used to measure total complement system activity, and DGHBMg-EGTA buffer [4.2 mM Hepes, 59 mM NaCl, 7.0 mM MgCl 2 , 2.08% (wt/vol) glucose, 0.08% (wt/vol) gelatin, 10 mM EGTA, pH 7.4] was used to measure the alternative pathway. For total complement system activity, rabbit red blood cells and kid serum were both diluted to 5% in DGHB ++ ; 100 μL of each was then mixed in a microtiter plate and incubated at 37°C for 1 h. Cells were removed by centrifugation (2,500 × g, 5 min, 4°C), and supernatant absorbance was measured at 405 nm using a microplate reader. Complete hemolysis was achieved by mixing the cells with distilled water (100 μL), and spontaneous lysis was produced by mixing the diluted rabbit red blood cells with DGHB ++ . Complement-induced hemolysis of rabbit red blood cells by the test sera was calculated using this formula: [(A405 sample − A405 spontaneous lysis)/ (A405 complete hemolysis − A405 spontaneous lysis)] × 100. The same protocol was performed with DGHB-Mg-EGTA buffer to measure the alternative pathway.
Statistical Analysis
Statistical analysis was conducted using the SAS program (SAS Inst. Inc., Cary, NC). A 1-way ANOVA was used to evaluate the effects of dietary treatment on carcass measurements and meat quality characteristics. No infl uence of sex was determined (P > 0.05 in all cases) and therefore was not taken into account. Growth, plasma IgG and IgM concentrations, ChT activity, and complement system activity (total and alternative) were analyzed as a completely randomized design with repeated measures using the PROC MIXED procedure of SAS. When signifi cant by ANOVA (P < 0.05), differences between means were identifi ed using a Tukey's test (Ott and Longnecker, 2001) .
RESULTS AND DISCUSSION

Growth
Addition of DHA to CM did not affect growth of goat kids (Table 1) . This result agrees with a previous study in which GM was substituted for milk replacers (Argüello et al., 2007) . Similar results have been reported in goat kids (Marinova et al., 2005; Navarro et al., 2008) and lambs (Lewis et al., 2008) supplemented with fi sh oils, probably due to the small amounts used in relation to the total DM. Our data indicate that CM is an excellent alternative feed source for goat kids. This represents an important fi nding, as in many parts of the world milk replacers are more expensive than CM. Feed effi ciency was clearly infl uenced by the diet, as animals fed CM-DHA had a lower feed effi ciency than was seen with GM or CM (P = 0.038). One possible explanation for the difference is that to maintain DMI between diets, less CM was present in CM-DHA compared with CM alone (for every gram of DHA added, 1 g of CM was subtracted). As DHA-Gold and CM have non-identical chemical compositions, there may be uncontrolled nutritional differences between these 2 diets. It was decided to formulate the CM-DHA diet in this way because DM levels are critical to maintain goat kid health (Sanz-Sampelayo et al., 2003) . Results indicate that the decision to formulate the CM-DHA diet according to DM was likely correct, as no differences were noticed in feed effi ciency or growth rate between the GM and CM groups.
Carcass Characteristics
Diet did not affect the percentage of offal (P > 0.05) as indicated by LWS (data not shown). No differences were found among treatment groups for LWS, HCW, CCW, or chilling loss. The data for chilling loss were in agreement with those of Argüello et al. (2007) , and the losses measured in our studies were less than those reported by Santos et al. (2008) . No differences were found in carcass yield (CCY and NCY). Navarro et al. (2008) found similar results when goat kids were supplemented with fi sh oil. As was reported previously by Argüello et al. (2007) , no differences were observed among treatment groups on carcass compactness and long leg compactness (Table 1) . These results refl ect the similar compositions and energy values associated with these 3 diets.
The tissue composition data in the present study (Table 1 ) are in agreement with those reported by Peña et al. (2009) and Argüello et al. (2005 Argüello et al. ( , 2007 , although, the latter studies showed greater amounts of subcutaneous fat than intermuscular fat, indicating that neither CM nor CM-DHA changed tissue composition. It is well documented that, compared with cattle or sheep, goats have more internal fat and less subcutaneous or intramuscular fat (Banskalieva et al., 2000) .
Meat Measurements
The effects of treatment on meat quality characteristics are shown in Table 2 . Dietary treatment did not affect meat pH, either at the time of slaughter (15 min) or after 24 h of chilling (P > 0.05). Muscle pH is considered to be a measure of postmostern muscle metabolism, so any qualitative or quantitative change on diet could affect this parameter (Solomon et al., 1986) . Measured values were similar to those described by Marichal et al. (2003) and Argüello et al. (2005) in the same breed. In addition, diet did not affect meat color (L*, a*, b*, Chroma, Hue) either at the time of slaughter or after a 24-h chilling period (P > 0.05), although DHA-gold could contain some pigments that may affect lean color. A light meat color is important in suckling kids because consumers prefer meat from younger animals and tend to relate lighter colored meat to younger animals. Animals in this study had relatively pale meat after 24 h of chilling (L* = 59 to 62.3). These values are greater than those reported by Argüello et al. (2005) and Marichal et al. (2003) , who also studied Majorera goats, probably due to a feed less rich in iron than in the present study. Meat from this study was much lighter in color than the values reported for Criollo-Cordobés and Anglonubian kids (Peña et al, 2009) or the MurcianoGranadina male kids (Bañón et al., 2006) of an age group similar to that used in the present study.
Diet did not affect the content of moisture, protein, intramuscular fat, ash, total collagen, or soluble collagen (P > 0.05 for all variables). Proximate composition results from our study are similar to previous reports on Majorera (Marichal et al., 2003; Argüello et al., 2005) and other breeds of goats (Bañón et al., 2006) , indicating that small variations in feeding do not affect chemical composition. However, collagen solubility values in the present study were less than those obtained in previous studies by Marichal et al. (2003) and Argüello et al. (2005) , although in their studies animals had access to solid feed.
Dietary treatment did not have any effect on WHC, cooking loss, or tenderness (P > 0.05 for all variables), although the values were slighty greater than those reported for Murciano-Granadina kids (Bañón et al., 2006) . Warner-Bratzler shear force values were in agreement with those obtained on previous studies using the same breed and muscle (Marichal et al., 2003; Argüello et al., 2005) . a,b Within a row, means without a common superscript differ (P < 0.05).
1 Feed effi ciency = BW gain (kg)/milk replacer (kg); LWS = BW at slaughter; CCW = cold carcass weight; NWS = net weight at slaughter; NCY = net carcass yield; and CCY = commercial carcass yield. Carcass compactness = CCW/carcass length (CLe). Long leg compact index 1 = width between hips (G)/leg length (LLe); Long leg compact index 2 = hip perimeter (HP)/leg length (LLe). Tables 3 to 7 show the fatty acid profi le results obtained from intramuscular, peri-renal, pelvic, subcutaneous, and intermuscular fat. In all fat depots, the 2 most abundant fatty acids were palmitic acid (C16:0) and cisoleic acid (C18:1n9c), as has been reported (Banskalieva et al., 2000) . Quantity of these 2 fatty acids essentially determined total SFA and MUFA values, respectively. It should be noted that, in ruminants, oleic (C18:1) and linoleic (C18:2) acids have trans and positional isomers, a trait that exclusively characterizes these animals (Pearson et al., 1977) . Moreover, short-chain fatty acids (C4 to C8) are undetectable in kid goat fat depots, indicating that short-chain acids are rapidly metabolized in kids, allowing for very little accumulation in adipose tissue (Bañón et al., 2006) .
Fatty Acids
Animals fed the CM-DHA diet had greater content of C22:6n3 (DHA) and C20:5n3 (EPA) compared with animals that did not receive supplemental DHA. Addition of DHA improved total PUFA concentrations only in intermuscular and subcutaneous fat, whereas omega-3 fatty acids were greater in all fat depots This is attributable to the fact that the incorporation of DHA and EPA takes place at the level of the phospholipids in the muscle, whereas they were either not detected in the triglycerides or present in much smaller quantities in adipose tissues (Ashes et al., 1992; Scollan et al., 2001) .
Goat kids fed CM-DHA had reduced (P < 0.05) n-6/n.3 PUFA indices in all fat depots compared with the CM or GM groups. Although a clear consensus has not been reached, it is thought that the ideal human diet should have an n-6/n-3 PUFA index of 3 (Kris-Etherton et al., 2000). A ratio < 5, however, is a reasonable goal (Kouba and Mourot, 2011) . The n-6/n-3 PUFA index is of particular importance in human health, as extremely large values, ranging from 10 to 15, are often recorded. Increasing the n-3 PUFA content of animal feed represents a promising and sustainable way of improving the nutritional value of meat without forcing consumers to change their eating habits (Muchenje et al., 2009 ). According to our results, the addition of DHA is extremely effective in reducing the n-6/n-3 PUFA index to 1 in goat kid meat.
As not every SFA has an equivalent effect on health (Banskalieva et al., 2000) , additional indices were also a,b Within a row, means without a common superscript differ (P < 0.05).
1 GM = goat milk; CM = whole powdered cow milk; CM-DHA = CM plus DHA-Gold (DHA-Gold, Martek Biosciences, Columbia, MD). calculated. The most abundant fatty acids disproportionately affected most of these indices. The atherogenic index was developed by Ulbricht and Southgate (1991) and is used to assess atherosclerosis risk by comparing concentrations of atherogenic fatty acids to those associated with healthy cardiac function. In this study, the atherogenic index ranged from 0.59 to 0.91 in intramuscular fat but reached much greater levels in the other fat depots. However, no consistent atherogenic index differences were found among diets. The atherogenic index for goat meat has received little attention in the literature. Most references to this index concern lamb, with atherogenic index values of ~0.6 for intramuscular fat and ~0.7 for subcutaneous fat (Manso et al., 2009 ). Depending on the a,b Within a row, means without a common superscript differ (P < 0.05).
1 GM = goat milk; CM = whole powdered cow milk; CM-DHA = CM plus DHA-Gold (DHA-Gold, Martek Biosciences, Columbia, MD). Although incorporation of C22:6n3 fatty acids into tissues of CM-DHA animals was consistently evident, tissue-specifi c differences were also observed. Concentrations of C22:6n3 fatty acids were greater in intramuscular fat than in other fat depots (Tables 3 to  7) . This is because DHA is incorporated into muscle phospholipids but is essentially absent in triglycerides of adipose tissues (Sanz-Sampelayo et al., 2006) . This was also seen when fi sh oil was used as a dietary source of omega-3 fatty acids (Navarro et al., 2008) , although in our study the source of omega-3 was a micro-seaweed. According to Sanz-Sampelayo et al. (2006) , fi sh oil causes an increase in trans C18:1 within muscle. We did not observe a similar phenomenon, probably due to the lack of ruminal biohydration in such young animals.
Immune Response
The time course of IgG and IgM plasma concentrations are shown in Figure 1 . No differences were observed between diets (P > 0.05), and thus overall IgG and IgM sample means are shown. Plasma IgG concentration ranged from 0.14 mg/mL on d 0 to 15.04 mg/ mL on d 2. Values were similar to those obtained by Rodríguez et al. (2009) , but greater than those reported by Morales-delaNuez et al. (2009) . As with IgG, diet did not affect (P > 0.05) IgM concentrations.
Diet did not have effects (P > 0.05) on the total complement system or alternative complement system activities; thus, only means for all treatments are shown ( Figure 2 ). For both the total and alternative complement systems, activity values generally increased with age and peaked at 55.56% and 35.76% hemolysis, respectively. These activity values are greater than those reported by Castro et al. (2008) , a difference likely attributable to the differences in analytical procedures. We developed and used a novel technique in this study using HEPES that was more effective than a procedure using saline as followed by Castro et al. (2008) . Morales-delaNuez et al. (2009) and Rodríguez et al. (2009) did not observe any variation in complement system activity in response to a commercial milk replacer diet. However, in the present study, similar complement system activity values were observed for all diets. Commercial milk replacers are primarily formulated with CM, so one would expect milk replacers and CM to affect the complement system in a similar way. However, the differences in values among studies could be due to the differences in analytical techniques used. In addition, Castro et al. (2008) attributed the entire complement system activity to the alternative pathway, whereas in our study the alternative pathway was responsible for only one-half of the total complement system activity. Our data agree with published reports for lambs (Oswald et al., 1990 ) and colostrum of buffalo (Bubalus bubalis; Matheswaran et al., 2003) . It is well documented, however, that the alternate pathway is very potent in goats (Venugopal et al., 1992) .
The ChT activity values ranged from 1556.29 to 1974.06 nmol/mL per hour. Neither diet nor time after birth affected serum ChT activity (P > 0.05). The ChT activity is thought to be related to the immune status of animals, although only a few studies have addressed this point. Rodríguez et al. (2009) similarly demonstrated that ChT activity does not vary with age, although they only analyzed the fi rst 5 d of life. These results are in- consistent, however, with those of Argüello et al. (2008) , who reported greater values of ChT activity using the same technique. These authors also suggested that the activities increased with age.
Conclusion
We have demonstrated that supplementation of CM with DHA does not affect growth, carcass and meat characteristics, or immune status of goat kids. Powdered whole CM represents an effective alternative to GM or commercial milk replacers, thereby signifi cantly reducing the cost of intensive rearing and increasing farm income. Although DHA supplementation did not impart any direct benefi ts to goat kid growth, the fatty acid profi le of the resultant meat was improved. The DHA concentrations were greater and n6:n3 ratios were reduced in tissues of goats that were fed the CM-DHA diet. Therefore, the additional cost incurred in meat goat production may be justifi ed as inclusion of DHA in kid goat diet results in meat with a healthier fatty acid profi le.
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